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Abstrat
In view of its relation to Big-Bang Nuleo-Synthesis and a reported disrepany be-
tween nulear models and data taken at S-Dalina, eletro-indued deuteron break-up
2H(e, e′p)n is studied at momentum transfer q < 100 MeV and lose to threshold in
the low-energy nulear Eetive Field Theory without dynamial pions, EFT(pi/). The
result at N
2
LO for eletri dipole urrents and at NLO for magneti ones onverges
order-by-order better than quantitatively predited and ontains no free parameter.
It is at this order determined by simple, well-known observables. Deomposing the
triple dierential ross-setion into the longitudinal-plus-transverse (L+T ), transverse-
transverse (TT ) and longitudinal-transverse interferene (LT ) terms, we nd exellent
agreement with a potential-model alulation by Arenhövel et al using the Bonn po-
tential. Theory and data also agree well on σL+T . There is however no spae on the
theory-side for the disrepany of up to 30%, 3-σ between theory and experiment in
σLT . From universality of EFT(pi/), we onlude that no theoretial approah with
the orret deuteron asymptoti wave-funtion an explain the data. Un-determined
short-distane ontributions that ould aet σLT enter only at high orders, i.e. at the
few-perent level. We notie some issues with the kinematis and normalisation of the
data reported.
Suggested PACS numbers: 13.40.-f, 21.30.-x, 21.45.B, 25.10.+s, 25.30.Fj, 26.35.+,
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Suggested Keywords: Ee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disintegration, big-bang nuleo-synthesis.
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1 Introdution
The deuteron is the simplest nuleus, playing the same fundamental rle in Nulear Physis
as the hydrogen atom in Atomi Physis. Its eletromagneti properties have been studied in
great detail both theoretially and experimentally  amongst others in photo-disintegration
(see e.g. [1, 2℄ for reviews) and eletro-disintegration (see e.g. [3, 4℄ and referenes therein).
The latter proess has the advantage to allow for an independent variation of energy and
momentum transfer. Most experiments have been performed at higher energy transfers and
are in good agreement with potential-model alulations. However, one experiment [5, 6℄
at the S-Dalina aelerator of TU Darmstadt (Germany) examined in 2002 the triple-
dierential ross-setion for d(e, e′p)n at low momentum transfer (< 60 MeV/) and lose
to the breakup threshold, onentrating on the deomposition into the dierent struture
funtions. For the longitudinal-transverse interferene ross-setion σLT , a disrepany of
about 30% or up to 3 standard-deviations was disovered relative to the predition by Aren-
hövel et al. [4, 5, 7℄. As the disrepany is less pronouned with inreasing momentum and
energy transfer, this does not neessarily ontradit other experiments at higher transfers
whih are in good agreement with the same potential-model alulations, see e.g. [8℄.
The disagreement raises however a serious question: The same reation at the real-
photon point, i.e. photo-indued low-energy deuteron breakup and reombination np↔ dγ,
is the rst and very sensitive step in Big-Bang Nuleo-Synthesis BBN. Indeed, both the
higher-energy régime of BBN-relevant photo-dissoiation and the S-Dalina experiment on
eletro-dissoiation are most sensitive to the same eletri dipole transition amplitude E1V .
Due to the great diulty of very-low-energy experiments, the lak of data for this reation
in the BBN-relevant energy-region E ∈ [20; 300] keV makes Nulear Theory at present the
sole provider of input for the BBN network odes [9,10℄. While this has also triggered further
experiments at S-Dalina [11℄ and the High-Intensity γ-ray Faility HIγS at Tunl [12,13℄,
the auray laimed by theoretial approahes [1, 1416℄ is not yet mathed. In view of
this, the S-Dalina ndings are the more troubling: How reliably does theory understand
the simplest nuleus at low energies, if one of the oneptually simplest non-trivial proesses
seems to disagree with data? Does this reet deits in our understanding of the long-
range NN fore, meson-exhange urrents, o-shell eets and uto-dependene, or even
gauge-invariane? The analysis in Ref. [5℄ notes that the potential-model approah without
meson-exhange, isobar and relativisti urrents aounts for 99% of the nal result for
σLT , leaving no room for further improvement and ontinues: At present, there exists no
explanation of this surprising result in the framework of onventional nulear theory. It is an
open question whether an alternative interpretation an be oered by eetive eld theory
[. . . ℄. In this work, we answer this question by onluding that no onsistent theoretial
approah an aommodate the data of Ref. [5℄.
We employ pion-less Eetive Field Theory EFT(π/) in the variant in whih the eetive
range is re-summed into the two-nuleon propagator [1723℄. EFT(π/) is well-tested in low-
energy reations with up to three nuleons, see e.g. [2427℄ for reviews. Even properties of
4He [2830℄ and 6Li [31℄ are now studied suessfully. In partiular, np → dγ was studied
due to its relevane for BBN [15, 32, 33℄, ulminating in a N
4
LO alulation by Rupak [14℄
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with a theoretial auray of <1%. We here study the S-Dalina data [5℄ within the
same framework, noting that the lowest energy data show the biggest disrepany and
lie well within the range of appliability of EFT(π/). At momenta below the pion-mass,
probes annot resolve the long-range part of the NN-potential as nonloal. Thus, the most
general Lagrangean ompatible with the symmetries of QCD an be built out of ontat
interations between nuleons as the only dynamial eetive hadroni low-energy degrees
of freedom. EFT(π/) is the unique low-energy version of QCD and allows often (as in this
ase) for simple, losed-form results. The amplitude is expanded in a small, dimension-less
parameter Q = ptyp
Λpi/
: the ratio between a typial low-momentum sale p
typ
of the proess
involved, and the breakdown sale Λπ/, set by the mass mπ of the pion as the lightest
partile whih is not inluded as a dynamial eetive degree of freedom. This allows one
to estimate the theoretial unertainties whih are indued by negleting higher-order terms
in the momentum expansion of all fores. With a typial low-momentum sale set by the
inverse deuteron size, one obtains Q ≈ 1
3
. Looking at the order-by-order onvergene of all
appliations onsidered so far, one nds this estimate to be quite onservative and the atual
onvergene pattern to be muh better. Dimensional regularisation is employed in the two-
nuleon system to renormalise high-momentum parts of loops, preserving all symmetries at
eah step. External urrents and relativisti eets are inluded in a systemati, manifestly
gauge-invariant way. No ambiguities arise from meson-exhange urrents or o-shell eets.
The presentation is organised as follows: After realling the essentials of EFT(π/) in Set. 2,
the ross-setion and individual ontributions are given for deuteron eletro-disintegration
up to next-to-next-to-leading order (N
2
LO) for eletri dipole transitions E1V and up to
NLO for magneti is-vetor dipole transitionsM1V . Setion 3 ontains the detailed ompar-
ison with data, fousing on: kinematis in the experiment (Set. 3.1); the full ross-setion
(Set. 3.2) and its deomposition into the struture funtions (Set. 3.3); data normalisation
(Set. 3.4); and possible higher-order eets (Set. 3.5). After disussing an experiment at
slightly higher energies [8℄ in Set. 3.6, the Conlusions of Set. 4 are followed by an Ap-
pendix with some useful loop integrals and the expliit form of the hadroni matrix elements.
Further bakground and details are available in S. Christlmeier's Diplom thesis [34℄.
2 Framework and Calulation
2.1 Kinematis and Cross-Setion
The kinemati variables of the disintegration proess d(e, e′p)n are illustrated in Fig. 1. Two
frames of referene are onventionally used, see e.g. [3, 4, 35℄.
On the one hand, the leptoni part e→ γ∗e′ of the proess is onveniently disussed in
terms of variables in the laboratory frame (the deuteron rest frame), denoted by the super-
sript lab. The four-momenta are (Elab0 ,
~klab) for inoming, and (Elabe ,
~k′lab) for outgoing
eletrons. The sattering angle between the momenta
~klab and ~k′lab of the inoming and
2
Figure 1: (Colour online) Kinematis of deuteron eletro-disintegration, reprodued with
kind permission of [5℄. The eletron kinematis refers to the lab frame, while the proton
variables are dened in the entre-of-mass frame of the two-nuleon nal state.
outgoing eletron is Θlabe . The energy and momentum transfer of the virtual photon is
ElabX := ω
lab = Elab0 −Elabe , ~qlab = ~klab − ~k′lab . (2.1)
The hadroni part of the proess, γ∗d → pn, is on the other hand more onveniently
alulated in its own rest frame, i.e. in the entre-of-mass frame of the outgoing nuleons
(and thus of the virtual photon and deuteron). Variables in this frame arry no supersript.
The outgoing proton (neutron) has momentum ~p (−~p) and kineti energy p2
2M
, p := |~p|. The
sattering angles in this system are dened by ~p ·~q = pq cosΘp and ~p ·(~q×~k) ∝ sinΦp. Thus,
Θp is the angle between the virtual photon and the proton, and Φp is the angle between the
sattering plane, spanned by the inoming and outgoing eletron momenta, and the reation
plane, spanned by the proton and photon momenta.
A boost along the momentum transfer ~q transforms between the two frames:
β =
qlab
Md + ωlab
, γ =
1√
1− β2 , (2.2)
where Md = 2M − B is the deuteron mass. Hene, the quantities dened in the lab frame
in (2.1) transform to the proton-neutron m frame as:
ω = γωlab − βγqlab , q = βγMd . (2.3)
We hoose as the ve independent variables of this proess the energies Elab0 , E
lab
e (or,
equivalently, ElabX = E
lab
0 − Elabe ) and the sattering angle Θlabe of the eletrons in the lab
frame, plus the proton emission angles Θp and Φp in the proton-neutron m frame. The
momentum of the outgoing proton is
p =
√
(ω −B)M + q2 M
2Md
. (2.4)
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The momentum vetors are therefore parameterised suh that ~q denes the z-diretion,
~qlab = (0, 0, 1)qlab , (2.5)
~q = (0, 0, 1)q , (2.6)
~klab = (sinΘlab0q , 0, cosΘ
lab
0q )k
lab , (2.7)
~k′lab = (sinΘlabeq , 0, cosΘ
lab
eq )k
′lab , (2.8)
~p = (sinΘp cosΦp, sinΘp sinΦp, cosΘp)p , (2.9)
with the angles between the photon and the inoming or outgoing eletrons translating as
cosΘlab0q =
klab − k′lab cosΘlabe
qlab
, cosΘlabeq =
klab cosΘlabe − k′lab
qlab
. (2.10)
Sine the transformation between these two frames is given by a boost along ~q, it does not
aet the azimuthal angle Φp ≡ Φlabp .
The eletron momenta are
~k2lab = E
2
0 lab −m2e and ~k′2lab = E2e lab −m2e. While the eletron
mass me = 0.511 MeV does not play a rle for the experiment at hand, we keep in mind ap-
pliations to orners of phase-spae where its eets ould be felt, e.g. in bak-sattering [11℄.
The triple-dierential ross-setion is then derived from the amplitude A:
d3σ
dElabe dΩ
lab
e dΩp
=
k′labpMdM2
8(2π)5(M + p
2
2M
)
√
(MdElab0 + ~q
lab · ~klab)2 −M2dm2e
|A|2 (2.11)
=
d3
dElabe dΩ
lab
e dΩp
(σL + σT + σLT cosΦp + σTT cos 2Φp) , (2.12)
where the spherial angles are Ωlabe = (Θ
lab
e ,Φ
lab
e ≡ 0) and Ωp = (Θp,Φp). In the seond
line, the dependene on the azimuthal proton emission angle Φp is deomposed into the
longitudinal-plus-transverse parts σL+ σT and the interferene terms σLT and σTT [3,4,35℄.
For any proess to ontribute to either of the interferene terms, it must from (2.9) depend
on those omponents of the outgoing proton momentum ~p whih are transverse to the photon
momentum ~q. This will beome important in the analysis later.
The sattering amplitude A is rewritten in terms of the photon propagator D(γ)µν , the
hadroni urrent Jµ
hadr
to be alulated in EFT(π/) below, and the leptoni urrent lµ whose
ontribution to lowest order in the ne-struture onstant is easily found:
A = lµD(γ)µν Jνhadr . (2.13)
Current onservation implies qµl
µ = 0 = qµJ
µ
hadr
and is at this order in the ne-struture
onstant α equivalent to gauge invariane.
If the variables of Ref. [5℄ are interpreted as disussed in Set. 3.1, the S-Dalina
experiment was performed at two sets of inident eletron energies E lab0 ∈ {50; 85} MeV,
a range of photon energies ElabX ∈ [8; 16] MeV, eletron sattering angle Θlabe = 40◦ and
azimuthal angle Φp = 45
◦
. This leads to photon momentum transfers q ∈ [32; 65] MeV and
outgoing proton momenta p ∈ [74; 106] MeV in the proton-neutron m-frame. These are
the relevant external low-momentum sales of the hadroni matrix element.
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2.2 Lagrangean and Parameter Fixing
EFT(π/) allows one to address the questions raised by the S-Dalina data in a model-
independent, systemati setting with a reliable estimate of the theoretial unertainties,
free of ambiguities, like o-shell eets and ut-o dependene. As the parts of the eetive
Lagrangean of EFT(π/), its power-ounting rules and the parameter-xing neessary for this
work have been disussed extensively by Beane and Savage [22℄, we repeat them here only
briey. The Feynman rules are also given in [34, App. A℄.
LN = N †
[
iD0 +
~D2
2M
+
e
2M
(κ0 + κ1τ3)~σ · ~B
]
N , (2.14)
Ls = −s†a
[
iD0 +
~D2
4M
−∆s
]
sa − ys
[
s†aN
TP (
1S0)
a N + H..
]
, (2.15)
Lt = −t†i
[
iD0 +
~D2
4M
−∆t
]
ti − yt
[
t†iN
TP
(3S1)
i N + H..
]
− Csd√
Mρd
[
δixδjy − 1
3
δijδxy
][
t†i(N
TOxy,jN) + H..
]
− CQ
Mρd
t†i [iD0,Oij] tj ,(2.16)
Lst = eL1
M
√
r0ρd
[
t†is3Bi + H..
]
. (2.17)
The one-nuleon Lagrangean LN of the nuleon iso-doublet N =
(
p
n
)
with isospin-averaged
mass M = 938.9 MeV onsists of two parts: First, the kineti term with minimal substitu-
tion, Dµ = ∂µ+ ieQAµ, where Q =
1
2
(1+ τ3) is the nuleon harge matrix and α =
e2
4π
= 1
137
the ne-struture onstant. Seond, the interation via the iso-salar (iso-vetor) magneti
moments, κ0 = 0.44 (κ1 = 2.35) in nulear magnetons. The spin (iso-spin) Pauli matries
with vetor (iso-vetor) index i = 1, 2, 3 (a = 1, 2, 3) are denoted by σi (τa).
The Lagrangean for the auxiliary di-baryon eld sa (ti) in the
1S0 (
3S1) hannel is Ls
(Lt) [1719,36℄. As we probe only the np system, Dµ = ∂µ+ ieAµ for both di-baryons. The
projetion operators are P
(1S0)
a =
1√
8
σ2τ2τa, P
(3S1)
i =
1√
8
σ2σiτ2. The auxiliary-eld parame-
ters are mathed to the eetive-range expansion of NN sattering suh that the eetive
range is re-summed to all powers. This speeds up onvergene and simplies alulations of
some higher-order eets [1723℄:
ys =
√
8π
M
√
r0
, ∆s =
2
Mr0
(
1
a0
− µ
)
, yt =
√
8π
M
√
ρd
, ∆t =
2
Mρd
(
γ − ρd
2
γ2 − µ
)
(2.18)
The parameter µ enodes the linear ut-o divergene of individual diagrams, alulated in
the Power Divergene Subtration sheme (PDS) version of dimensional regularisation [37,
38℄. It is imperative for self-onsisteny that physial amplitudes are independent of µ. This
is indeed the ase.
For the spin-singlet, the sattering length and eetive range of the np system are probed
in deuteron eletro-disintegration: a0 = −23.71 fm, r0 = 2.73 fm. Parameters for the spin-
triplet are determined from the eetive-range expansion about the observed real bound
5
state, namely the deuteron with binding energy B = 2.225 MeV (orresponding to a mo-
mentum γ =
√
MB = 45.70 MeV) and eetive range ρd = 1.764 fm. Therefore, the
deuteron wave funtion shows the orret exponential deay and normalisation Z already
at LO in EFT(π/) [22, 39℄:
Ψ
deuteron
(r →∞) =
√
Z
2πρd
e−γr
r
with Z =
γρd
1− γρd (2.19)
The last two terms of Lt parameterise SD-wave mixing in the spin-triplet, with
Oxy,j = −1
4
(←
Dx
←
Dy P
(3S1)
j + P
(3S1)
j
→
Dx
→
Dy −
←
Dx P
(3S1)
j
→
Dy −
←
Dy P
(3S1)
j
→
Dx
)
, (2.20)
Oij = −
(
~Di ~Dj − 1
3
δij ~D
2
)
(2.21)
operators whih ensure that Lst is manifestly gauge-invariant. Their strengths are deter-
mined from the asymptoti ratio ηsd = 0.0254 of D- and S-wave omponents of the deuteron
wave funtion, and of the deuteron quadrupole moment µQ = 0.2859 fm
2
[22℄:
Csd =
6
√
πηsd√
Mγ2
, µQ = 2Z
[
yt
Csd√
Mρd
M2
32π
2
3γ
+
CQ
Mρd
]
(2.22)
Here, Csd ontributes at LO, and CQ provides a NLO orretion of about 50%.
Finally, Lst in (2.17) parameterises transitions between the 1S0 and 3S1 hannels by
a magneti eld ating on a di-baryon. Its strength is determined by the thermal ross-
setion σ(E = p
2
M
= 1.264 · 10−8 MeV) = (334.2 ± 0.5) mb [40℄ for radiative apture of
neutrons on protons np → dγ. At thermal energies, it is dominated by iso-vetorial M1V
transitions. Magneti-moment interations are LO, and the parameter L1 in Lst enters as a
NLO orretion of about 50%, while eletri transitions are irrelevant. The free parameter
is thus determined from the thermal ross-setion [22℄
σ(M1V ) =
2αZ(p2 + γ2)3
pM3
∣∣∣∣ 1− 1
a
+ 1
2
r0p2 − ip
∣∣∣∣
2 [
κ1
γ − 1
a
+ 1
2
r0p
2
p2 + γ2
+
L1
2
]2
(2.23)
as L1 = −4.41 fm [34℄ or L1 = −4.0 fm [22℄, depending whether terms quadrati in L1 are
kept. Both variants dier by 10% . Q, as expeted from L1 being a higher-order orretion.
We now state the power-ounting rules of EFT(π/) in the version in whih the eetive-
range parameters are treated as unnaturally large and thus are kept at LO together with
the sattering lengths [22℄. The typial low-energy entre-of-mass momentum ~p and kineti
energy E/2 of a nuleon is ounted as
|~p| ∼
√
ME ∼ γ ∼ 1
ρd
∼ 1
r0
∼ 1
a0
∼ µ ∼ QΛπ/ . (2.24)
Hene, the wave funtion renormalisation sales as Z ∼ 1. SD mixing is suppressed by Q2
with respet to pure S-wave amplitudes beause of the two derivatives in (2.16). Finally,
6
the ratio of the iso-salar and iso-vetor magneti moments is κ0/κ1 ≈ 1/5 . Q . Therefore,
κ0 is negleted as numerially higher order in the following [41℄.
Sine the gauge eld is minimally oupled, these rules are simple to extend: The
zero-omponent of the gauge eld Aµ sales like an energy, A
0 ∼ Q2; its 3-vetor om-
ponents like a momentum,
~A ∼ Q. As seen in the previous Sub-Setion, photon en-
ergies for the S-Dalina kinematis of deuteron eletro-disintegration lie in the range
ElabX ∈ [8; 16] MeV, orresponding to EX ∈ [6; 14] MeV ∼ [Q2 Λ2π//M ; Q2 Λπ/], photon mo-
menta in the range q ∈ [32; 65] MeV ∼ QΛπ/, and outgoing proton momenta in the range
p ∈ [74; 106] MeV ∼ QΛπ/, approahing Λπ/ ≈ mπ. Convergene must therefore be heked
with are.
2.3 Eletri Contributions to N
2
LO
Eletri dipole transition amplitudes E1V dominate not only the photo-dissoiation ross-
setion at the higher end of the energy range relevant for BBN, but also eletro-disintegration
for p & 20 MeV. To N2LO, the hadroni urrents have the struture
J
(E1V )µ
hadr
= ie
√
Z
1√
8
(N †pσ
iσ2N
∗
n)ǫ
j
(d)J
µ
ij , (2.25)
where the proton and neutron spinors Np/n are speied expliitly. The indies on the
urrent Jµij indiate the polarisation j of the initial deuteron and the spin i of the pn-triplet
nal state. Averaging over spins and polarisations, the eletri ontribution to (2.11) is
|AE1V |2 =
(4πα)2
(ω2 − q2)2
Z
6
[(
k′µlabJ
†ij
µ k
ν
labJ
ij
ν + (µ↔ ν)
)− (klabµ k′µlab −m2e)J†ijν Jνij] . (2.26)
The three diagrams ontributing at leading order, Q0, are shown in Fig. 2. In the
Figure 2: (Colour online) The LO eletri ontributions to the hadroni urrent. The double
line denotes the spin-triplet di-baryon intermediate state. There is no NLO ontribution.
last two graphs, the photon ouples to the deuteron whih is at this order a pure S-wave
state. These diagrams are therefore independent of the diretion of the outgoing proton
momentum ~p, and hene via (2.9) of the proton emission angle Φp. They do thus not
ontribute to the longitudinal-transverse and transverse-transverse parts of the ross-setion
(2.12). In ontradistintion, the nal-state interation in diagram (e1) depends on ~p and
thus ontributes to σLT and σTT .
7
Figure 3: (Colour online) The order-Q2 (N2LO) eletri ontributions. The SD-mixing
vertex proportional to C
SD
is denoted by a irle; further notation as in Fig. 2.
There are no eletri ontributions at NLO. The rst non-zero orretions, listed in Fig. 3,
appear at N
2
LO. All arise from SD-mixing proportional to CSD in the Lagrangean (2.17).
Relative to the LO ontributions, these diagrams are suppressed by two more derivatives,
i.e. two more powers of Q ≈ 1
3
and thus should ontribute at most
(
1
3
)2 ≈ 10% of the LO
terms. The error one makes by trunating the series at this order should be
(
1
3
)3 ≈ 4%.
The onvergene is indeed muh better beause the asymptoti SD-ration is numerially
ηsd = 0.0254 ≈ Q3, i.e. N3LO. Even at the S-Dalina-kinematis of photon momenta as
large as 78 MeV (Elab0 = 50 MeV, E
lab
X = 9 MeV, Θ
lab
e = 40
◦
, Φp = 45
◦
), they amount to
not more than 1% of the total; see the disussion and gures in Sets. 3.2 and 3.3 as well
as Ref. [34℄ for details. Only the diagrams (sd1-3) and (sd6) ontribute to the interferene
terms σLT and σTT via their nal-state interation or via the D-wave omponent indued
into the deuteron and np nal-state wave-funtion.
The resulting eletri urrents up to N
2
LO are detailed in App. A.2. At eah order, they
are manifestly gauge-invariant and uto-independent.
2.4 Magneti Contributions to NLO
Magneti dipole transitions M1V dominate the inverse reation np → dγ at the lower end
of the energy range relevant for BBN, but are usually small at S-Dalina kinematis. We
therefore inlude them only to NLO, Fig. 4. The LO part is set by the iso-vetor magneti
moment κ1; the only NLO graph, (m4), omes from the singlet-triplet oupling (2.17).
The hadroni urrents from magneti ontributions an to this order be written as
J
(M1V ) k
hadr
= e
√
Zǫijkǫi(d)
1√
8
(N †pσ2N
∗
n) J
j , (2.27)
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Figure 4: (Colour online) The magneti ontributions to the hadroni urrent at LO (m1-
m3) and NLO (m4). The blob denotes a magneti photon oupling via the iso-vetorial
magneti moment; the square the dibaryon-photon interation (2.17) proportional to L1;
the dashed double-line the spin-singlet di-baryon intermediate state; further notation as in
Fig. 2.
and the squared amplitude is after averaging over initial states:
|AM1V |2 =
(4πα)2
(ω2 − q2)2
Z
6
(
δjmδkn − δkmδjn) (2.28)
× [k′ labn J†jklabk Jm + k′ labk Jmklabn J†j + (klabµ k′labµ −m2e)J†jJmδkn]
The vertex where a magneti photon ouples to a di-baryon redues the amplitude largely,
although it is formally NLO. Compared to the eletri amplitude, the magneti one is
suppressed by two orders of magnitude in the energy régime of the S-Dalina experiment,
exept for the viinity of Θp = 70
◦
; see Figs. 5 to 8.
It is not too diult to see that the only angular dependene in the magneti amplitude
omes from the ~p · ~q -terms in the intermediate nuleon propagators, as the deuteron and
outgoing np-system are again pure S-states in these diagrams. Thus, the amplitudes only test
the longitudinal part of ~p. There is no Φp-dependene, and therefore magneti transitions
do at this order not ontribute to σLT and σTT interferene terms (2.12).
The expliit form of the resulting magneti urrents an be found in App. A.3. At eah
order, they are manifestly gauge-invariant and uto-independent.
3 Theory Confronts Data
We now ompare the results of EFT(π/) to the S-Dalina data reported in [5,6℄ and to the
potential model alulation by H. Arenhövel et al. whih is based on the Bonn-C r-spae
potential and inludes nal-state eets, meson exhange urrents, isobar ongurations
and (in our ase negligible) relativisti eets [4, 5, 7℄. Before we onsider the energy- and
angular dependene of the triple dierential ross-setion and its deomposition, we rst
have to address a subtle kinematial point.
3.1 Kinematis, Again
In Set. 2.1, we adopted the standard kinematis of eletro-disintegration aording to whih
the leptoni part of the ross-setion is alulated in the lab frame (deuteron at rest), while
9
the hadroni part is determined in the proton-neutron m-frame of the hadroni sub-proess
γ∗d→ pn. In a slight but revealing abuse of language, the latter is often referred to as the
m frame. Aording to a literal reading of Ref. [5℄, the S-Dalina experiment would have
been analysed in the entre-of-mass frame of the whole proess, resulting in large deviations
between theory and experiment both in shape and normalisation even of the full triple-
dierential ross-setion, see Fig. 5. We take this to be a slip of the tongue and assume that
the experiment was analysed using standard kinematis [3, 4, 35℄.
Furthermore, the variable whih labels the energy transferred by the photon in the S-
Dalina experiment is said to be obtained after transformation to the entre-of-mass
system [5℄. However, agreement of the data with both the potential-model and EFT(π/)
alulation is found only if the S-Dalina-variable EX refers to the lab frame. The point
E
(pn)−cm
X = 9 MeV would orrespond to E
lab
X = 10.6 MeV and a muh smaller ross-setion,
so that the resulting urve would again substantially deviate from data, see Fig. 5. We
therefore interpret EX in [5℄ as E
lab
X , dened in the rest frame of the deuteron target.
The experimental results are reported in 4 energy bins, ElabX = [8; 10], [10; 12], [12; 14] and
[14; 16] MeV. We interpret them suh that the ount-rate was normalised to give the double-
dierential ross-setion per MeV. Thus, we ompare the triple-dierential ross-setion for
ElabX to the double-dierential one per MeV. The dierene between averaging over the
2MeV-range and taking the mean value of ElabX an be negleted down to E
lab
X = 6 MeV, as
shown in the plot; see also [34℄. If EX is interpreted as given in the pn-m frame and the
ross-setion as given over the whole 2 MeV-bin, the data would onsistently over-shoot the
theory results by 10 to 20%.
We are grateful to H. Arenhövel [7℄ for onrming that the potential-model results re-
ported in [5℄ were determined in the same kinematis used here.
3.2 Total Dierential Cross-Setion
Comparing in Fig. 6 to the dierential ross-setions reported in Ref. [5℄ at Elab0 = 50 MeV
and 85 MeV in several ElabX -bins onrms our interpretation of the experiment's kinemat-
ial variables. At Elab0 = 85 MeV, additional data at large Θp are available and within
their (ombined statistial and systematial) error-bars ompatible with both theoretial
approahes. We note exellent agreement with the alulation by Arenhövel et al. and with
the data within error-bars. In Fig. 6, a deomposition of the dierent ontributions in
EFT(π/) for the smallest and the largest energy and momentum transfer of the S-Dalina
data is also shown. As expeted, the LO eletri transitions dominate exept around the
minimum at Θp ≈ 70◦, where NNLO ontributions and magneti transitions play a sig-
niant rle. That means that by taking into aount only minimal oupling of photons
to nuleon and di-baryon elds, disintegration an be desribed highly aurately within
EFT(π/). SD mixing, being the only orretion up to NNLO, ontributes even less than es-
timated by power ounting. This good onvergene onrms our ondene that our results
are reliable. Less-known short-distane ontributions play a very minor rle, see Set. 3.5.
The onvergene plots also reveal an interesting faet: The N
2
LO ontribution has in-
reased slightly for higher energy and momentum transfer, but muh less than expeted
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Figure 5: (Colour online) Examples of the triple-dierential ross-setion for ElabX = 9 MeV
at Elab0 = 85 MeV, ompared to S-Dalina data [5℄ (with ombined statistial and system-
atial error-bars) and to the result by Arenhövel et al. (squares) [4,5,7℄. (a): Interpretation
of EX = 9 MeV as given in the total m frame, the pn-m frame, or the lab-frame; (b):
EFT(π/) at ElabX = 9 MeV (solid line) and E
(pn)−cm
X = 9 MeV (i.e. E
lab
X = 10.6 MeV, dashed).
The dotted urve is the double-dierential ross-setion per MeV, obtained by integrating
over the bin ElabX ∈ [8; 10] MeV; the dierene to the solid line is almost invisible. ():
omparison on a logarithmi sale of the EFT(π/) ontributions: eletri transitions up to
LO and N
2
LO respetively (reall that NLO is zero), and magneti transitions up to NLO.
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Figure 6: (Colour online) EFT(π/) results for the dierential ross-setion, ompared to data
and alulations by Arenhövel et al. (a): data set at smallest energy and momentum transfer,
Elab0 = 50 MeV, E
lab
X = 9 MeV. (b): data sets at largest energy and momentum transfer,
Elab0 = 85 MeV, E
lab
X = 15 MeV. (e,f): data set at E
lab
0 = 85 MeV, E
lab
X = {11; 13} MeV.
Comparisons of EFT(π/) ontributions are in Figs. (,d) inluded for the smallest and largest
energy and momentum transfer: eletri transitions up to LO and N
2
LO respetively (NLO
is zero), and magneti transitions up to NLO.
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from naïve dimensional analysis. Deviations between the potential-model and EFT(π/) re-
sults are also slightly more pronouned there, espeially at large Θp. As typial momenta
in the proess approah the breakdown-sale Λπ/ of EFT(π/), the dimension-less parameter
Q = p
typ
/Λπ/ approahes unity and the expansion is rendered useless. The momentum trans-
fer q ∈ [32; 56] MeV is omparable to the intrinsi low-momentum sale of the two-nuleon
system, namely the deuteron binding momentum γ ≈ 45 MeV. The momentum of the
nal-state proton in the proton-neutron m frame ranges however from 75 to 106 MeV and
hene beomes at the upper end omparable to Λπ/ ≈ mπ. One would have expeted this to
aet in partiular the nal-state interation diagrams and the SD mixing ontributions at
N
2
LO, whih depend on ~p in the numerator. The observed enhanement is however muh
smaller. The good onvergene of EFT(π/) even for momenta lose to the breakdown sale
 was found also in many other appliations, see e.g. referenes in [2527,42℄.
3.3 Comparing Struture Funtions
The main goal of the S-Dalina experiment [5℄ was a deomposition of the ontributions
of dierent struture funtions in (2.12): the longitudinal-plus-transverse ross-setion, and
the LT - and TT -interferene parts. However, the unertainties in the data turned out to
be too large for a meaningful omparison of σTT to theory. Studying the interferene terms
provides information about the impat of nal-state interations, sine these an be Φp-
dependent, as re-iterated in Set. 2.1. The ontributions of the L+T , LT and TT terms are
shown in Figs. 7 and 8 for Elab0 = 85 MeV and E
lab
X = {9; 11; 13; 15}MeV, again ompared
to data and the potential-model result.
The results are normalised to d3(σL + σT )/(dE
lab
e dΩ
lab
e dΩp) at Θp = 0
◦
to make the
omparison independent of the absolute normalisation of the data. This also mutes the
question whether the ross-setions were averaged or summed over eah ElabX -bin. The error
of the value to whih the data are normalised has been taken into aount in all error bars.
σL + σT dominates, whereas σLT and σTT are one and two orders of magnitude smaller,
respetively. However, the interferene terms beome more relevant with inreasing energy
transfer, reeting the growing impat of nal-state interations. In eah gure, the result
for the LO eletri transitions in EFT(π/) is also given. Reall that in that ase, σLT and σTT
are nonzero only beause of the nal-state interation of the proton with the virtual photon
after the deuteron breakup, Fig. 2.(e1). The degree to whih the E1V -transition dominates
 already disussed in the previous Setion  is even more striking for σLT . Magneti
transitions do not ontribute at all to the interferene ross-setions, sine their amplitudes
are independent of Φp, see Set. 2.4. The impat of SD mixing is inreasing slightly with
ElabX , but is small for σL + σT and σTT , and almost negligible for σLT .
The EFT(π/) results are again in good agreement with those of Arenhövel et al. Espeially
σLT is essentially idential in both alulations. Only in the very small quantity σTT an a
deviation be deteted. It is a fator of 4 larger than the dierene between the LO and N
2
LO
results, whih in turn is one way to estimate higher-order eets. However, we already hinted
above that the ontributions from SD mixing and magneti moment interations are muh
smaller than estimated by naïve power-ounting. Another estimate for possible orretions is
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Figure 7: (Colour online) Deomposition of the triple-dierential ross-setion into (top to
bottom) longitudinal-plus-transverse (L+ T ), longitudinal-transverse (LT ) and transverse-
transverse (TT ) parts at Elab0 = 85 MeV, normalised to σL+T at Θp = 0. Left olumn:
ElabX = 9 MeV; right olumn: E
lab
X = 11 MeV. No data are available for the TT interferene
ross-setion.
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Figure 8: (Colour online) As Figure 7, for ElabX = 13 MeV (left olumn); E
lab
X = 15 MeV
(right olumn).
15
to set the unertainty of the EFT(π/) alulation at N2LO as ∼ Q3 = (p
typ
/Λπ/)
3 ≈ [3 . . . 10]%
of the LO term, assuming a typial momentum p
typ
∼ q ≈ [45; 60] MeV. This is apt to
over-estimate the theoretial unertainties, as disussed in Set. 3.5 in onjuntion with
possible higher-order orretions. In short, all EFT(π/) results should be understood with
an unertainty whih reets an estimate of the higher-order eets not onsidered. A
onservative auray limit would be . 10% in eah observable. It is thus safe to onlude
that the potential-model and EFT(π/) results agree within the theoretial unertainties.
3.4 How To Resolve Disrepanies with Data?
The aordane of both theoretial approahes with the data, however, is onsiderably
worse. The disrepany ranges from just over one standard deviation at the largest energy
and momentum transfer, to three and more at the smallest energy and momentum transfer.
Not only does the alulated longitudinal-transverse interferene ross-setion deviate by
about 30% from the measured one (as pointed out in [5℄), but also σL + σT at large Θp. In
partiular, it is remarkable that the latter is over-predited at ElabX = 9 MeV, but under-
predited at ElabX = 15MeV. A look at σL+σT atΘp = 180
◦
before data normalisation reveals
however a redued disrepany, see Fig. 9. Only then do data and theory agree on the shape
of the urve, exept at the smallest value of ElabX , and an additional normalisation would
solve the problem. While the statistial signiane of the disrepany hardly hanges, this
may indiate un-aounted systemati errors in the data.
Normalising toΘp = 0 seems to deteriorate the aord of alulations and data  although
it avoids aounting for the absolute normalisation of data. The reason an be seen by
omparing Fig. 9.(b) and (): The ross-setions both at Θp = 0 and Θp = 180
◦
display
relatively small deviations whih go, however, in dierent diretions: The theoretial result
e. g. at ElabX = 15MeV is a bit too small for Θp = 180
◦
, but too large for Θp = 0. In dividing
these two values, the disrepany inreases.
The signiant dierene between data on the one hand, and the agreeing theoretial pre-
ditions of EFT(π/) and Arenhövel et al. on the other hand, ontinues for the longitudinal-
transverse interferene ross setion σLT , see Figs. 7.(b,e) and 8.(b,e). The angular depen-
dene of the normalised values is reprodued, but the normalisation diers between one
standard deviations at high energy and momentum transfer, and three standard deviations
at high energy and momentum transfer.
Figure 10 examines the energy dependene of the disrepany for σLT at the minimum
around Θp = 35
◦
as funtion of ElabX , both before and after normalisation of the data.
Again, the situation beomes, at least for higher energies, slightly better when looking at
the absolute values. However, a lear deviation remains, and surprisingly beomes larger at
smaller ElabX . The shapes and slopes of the un-normalised energy-dependene of the minima
in σLT do not math. The un-normalised data at high energy are, at least at non-bakward
angles, ompatible with the theoretial approahes within error-bars, but the disrepany
at smaller energies and momentum transfers worsens, see Fig. 11.
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Figure 9: (Colour online) ElabX -dependene of σL + σT at Θp = 180
◦
, normalised to Θp = 0
◦
(a) and before normalisation (b). Bottom: σL + σT at Θp = 0
◦
(to whih all data are
normalised). All graphs refer to Elab0 = 85 MeV, Θ
lab
e = 40
◦
.
3.5 Disussion of Higher-Order Contributions
In view of these disrepanies, one must investigate to whih extend additional interations
ould remedy the problem. The EFT(π/) result is omplete up to N2LO in eletri and up to
NLO in magneti transitions, resulting in a onservative auray-estimate of . 10%, as dis-
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Figure 11: (Colour online) ElabX -dependene of the absolute values of σLT for the extreme
ases ElabX = 9 MeV (left) and 15 MeV (right) at E
lab
0 = 85 MeV, Θ
lab
e = 40
◦
. Compare to
the normalised data in Figs. 7 and 8.
ussed in Set. 3.3. Inluding some renormalisation-group invariant sub-set of higher-order
ontributions provides a third alternative to estimate the unertainties of the alulation,
besides order-by-order onvergene and prima faie power ounting.
However, the results so far provide a strong argument that higher-order orretions
annot solve the problem: Reall rst that σLT is nonzero only beause of non-zero transverse
omponents of the momentum ~p of the outgoing proton. If, in spite of the power-ounting,
some higher order ontributions were important for σLT , they should therefore ontribute
more at higher energies, where ~p is bigger and thus loser to the break-down sale Λπ/.
This would lead to larger higher-order orretions with inreasing photon energy. This is
however at odds with our analysis of Figs. 7 to 10. As ne-tuning ould irumvent this
general argument, we expliitly onsider in the following some N
3
LO ontributions.
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Magneti transitions are negligible at these energies and in these kinematis, as seen in
Figs. 5 and 6. Another ontribution to eletri transitions inludes P -wave nuleon-nuleon
nal state interations whih also enter at N
3
LO [33℄. While they do beome stronger with
inreasing energy and momentum transfer, they are, even at high energies, not even of the
same order of magnitude as the N
2
LO ontributions.
Next, one might think that the orretion to the deuteron quadrupole moment of about
50% provided by the CQ-term in (2.16) an solve the problem at N
3
LO. However, this term
is at best omparable in size to the N
2
LO term from SD mixing. Its ontribution will thus
be even smaller than the N
2
LO orretion in Figs. 7 and 8. An expliit alulation [34℄
renders
J0ij = −2ytDt
CQ
Mρd
(
qiqj − 1
3
q
2δij
)
, ~Jij = 0 . (3.1)
The dierene to the N
2
LO result is less than 0.5 % even at the minimum around Θp = 70
◦
at Elab0 = 50 MeV, E
lab
X = 9 MeV, where the eet would need to be biggest to remedy the
disrepany. The ontribution of this interation to the interferene terms σLT and σTT is
furthermore zero sine (3.1) is independent of Φp.
Corretions from relativisti kinematis are negligible. An example for a relativisti eet
whih is dynamial but has been negleted in our alulation is the spin-orbit interation
rst onsidered in EFT(π/) by Chen et al. [43, 44℄,
Lso = iN †
[(
2κ0 − 1
2
)
+
(
2κ1 − 1
2
)
τ3
]
e
8M2
~σ · ( ~D × ~E − ~E × ~D)N , (3.2)
where
~E is the eletri eld. This term is suppressed by p
typ
/M . Q2 relative to the
magneti-eld term in LN (2.14) and thus enters in M1V transitions at N4LO. Chean et
al. also demonstrated that it provides substantial angle-dependent ontributions to deuteron
Compton sattering at energies around ω ≈ 49 MeV [44℄. Its Feynman diagrams are those
of the LO magneti transitions, Fig. 4.(m1-3), with the magneti-moment interation sub-
stituted by (3.2). The vetor-omponent of the hadroni urrent has the same struture as
(2.27), and the zero-omponent an be written as
J
0 (M1V )
hadr
= e
√
Zǫijkǫi(d)
1√
8
(N †pσ2N
∗
n)J
0
jk . (3.3)
The analytial results for these urrents are reported in [34℄. As expeted, they give only a
small orretion to the already negligible NLO result for magneti transitions. In σL+T , they
lead to a orretion never exeeding 10−3 of the LO result. Although they are Φp-dependent,
the relative dierene to LO in σLT is less than 10
−2
, with 2× 10−3 at the extrema. In σTT ,
the relative dierene to LO at the maximum is 10−5 and never exeeds 10−4.
We mention in passing also a N
4
LO ontribution whih an naïvely be inorporated by
modifying the di-baryon propagators (A.12/A.25) to inlude the shape parameters ρ1 =
0.389 fm3 for the 3S1 hannel and r1 = −0.48 fm3 for the 1S0 hannel of NN-sattering.
This neglets diagrams whih ome from gauging the derivative terms in the Lagrangean
whih orrespond to these orretions, so the result is not omplete. However, we see that
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Figure 12: (Colour online) Comparison to the data of Ref. [8℄ for σL+T (a) and σLT (b),
both in the lab frame (also for the hadroni variables!) and normalised to σL+T at Θp = 0.
this leads only to minimal modiations of the struture funtions. σL+T is inreased by
. 5% at bak-angles, about 20% in the minimum due to ne-tuning, and in general muh
less. σLT hanges by less than 1% at the extrema, and σTT only by 0.1%.
Overall, this disussion supports our estimate of the theoretial unertainty of our results.
3.6 A Higher-Energy Experiment
In Fig. 12, we nally ompare the EFT(π/) results to an earlier experiment at a slightly
higher momentum transfer [8℄ whih reported good aord between data and the potential
model alulation by Arenhövel et al.
1
also for the normalised σLT . Although the involved
proton momentum p = 117 MeV is even loser to the breakdown sale of EFT(π/) than for
the S-Dalina kinematis, we observe very good agreement for both σL+T and σLT . It is
remarkable that the result desribes the data so well in a régime in whih EFT(π/) may start
to beome unreliable, but deviates signiantly from data at lower momenta.
4 Conluding Questions
In a parameter-free N
2
LO alulation using EFT(π/), a manifestly gauge and renormalisation-
group invariant, well-tested formulation of few-nuleon physis with analytial results whih
are rooted in a systemati, model-independent low-energy expansion of all nulear fores,
with an a priori estimate of theoretial unertainties orroborated by order-by-order on-
vergene, the S-Dalina data on deuteron eletro-disintegration d(e, e′p)n at low energy
and momentum transfer [5, 6℄ annot be explained.
1
For this experiment, the alulations were performed using the Paris potential; the dierene to the
Bonn potential alulation in Ref. [4, 5, 7℄ should not be relevant here.
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Sine an important aspet of any Eetive Field Theory is its universality and result-
ing model-independene, this leads us to a onlusion beyond the EFT(π/) approah: The
preditions of models whih reprodue or share the input of EFT(π/) must agree with its
results to within the auray of the EFT alulation, in the range where EFT(π/) is ap-
pliable. The analysis in Set. 3 showed that the S-Dalina data at low momentum and
energy transfer lie undoubtedly within this régime. Therefore, any self-onsistent potential
model, irrespetive of the detail led treatment of meson-exhange urrents, o-shell eets,
uto-dependene, et. will to the auray outlined here agree with the EFT(π/) result, if it
inorporates the same ingredients: the same deuteron binding energy, the same asymptoti
normalisation Z and asymptoti S-to-D wave ratio ηsd of the deuteron wave-funtion, the
same sattering length and eetive range in the
1S0 hannel, the same iso-vetorial mag-
neti moment of the nuleon κ1 and the same total radiative thermal apture ross-setion
of neutrons on protons. This is niely onrmed for eletro-disintegration at low energies:
The potential-model approah by Arenhövel et al. [4,5,7℄ yields essentially the same results
as EFT(π/), espeially for σLT .
We nd furthermore that σL+T , σLT and σTT are all dominated up to the few-perent
level by the leading-order eletri transition, i.e. by minimally oupling the photon to the
nuleon and deuteron. This oupling is sensitive only to the asymptotis of the deuteron
wave-funtion. The statement is strongest for σLT , whih shows the disrepany: It is
dominated up to the 1%-level by only one LO eletri proess, Fig. 2.(e1), i.e. by the
asymptoti normalisation Z of the deuteron wave-funtion, eq. (2.19). In ontradistintion,
the disrepany to the S-Dalina data amounts to up to 3 standard-deviations or 30%.
These ndings suggest a re-analysis of the experiment [45℄. We identied some questions
onerning the kinematis and systematis of the experimental analysis and aution that
the dierenes ould in part arise from a dis-advantageous normalisation of the data. If
the disrepanies were onrmed, this would pose a highly non-trivial problem for Nulear
Theory. Only new data for deuteron eletro-disintegration near threshold and at low mo-
mentum transfers an settle the issue denitively, partiularly onerning the deomposition
into the ontributions of dierent struture funtions. We are however ondent to maintain
that the validity and error-estimate of the E1V -part of the photo-dissoiation ross-setion
relevant for Big-Bang Nuleo-Synthesis as alulated in EFT(π/) [14, 15, 32, 33℄ are not in
question.
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A Currents and Integrals
We now list the analytial results for the hadroni urrents desribed in Set. 2.3 and 2.4.
A.1 Useful Loop Integrals
The following loop integrals are alulated by the methodology outlined in [46, 47℄
2
, using
ontour integration for the energy part and the PDS subtration sheme ombined with
dimensional integration inD spatial dimension [37,38℄ to identify divergenes, parameterised
by µ, and tensorial redution. The reader may onsult [34, App. D℄ for details.
The fundamental bubble-sum integral is [37, 38℄
I
(1)
0 (a) =
(µ
2
)3−D ∫ dDl
(2π)D
1
(~l + ~q
2
)2 + a
PDS
=
1
4π
(µ−√a) . (A.1)
Referene [46℄ provides
I
(2)
0 (a, b; q) =
∫
d3l
(2π)3
1
l2 + a
1
(~l + ~q
2
)2 + b
=
1
2πq
arctan
(
q
2(
√
a +
√
b)
)
. (A.2)
From that, one nds the µ-independent result with one loop momentum in the numerator
A1(a, b; q) =
∫
dD
(2π)D
~l · ~q
l2 + a
1
(~l + ~q
2
)2 + b
= I
(1)
0 (a)− I(1)0 (b)−
(q2
4
+ b−a
)
I
(2)
0 (a, b; q) (A.3)
and the following µ-dependent ones with two powers of loop momenta in the numerator:
A2(a, b; q) =
1
D − 1
∫
dDl
(2π)D
l2 − (~l·~q)2
q2
l2 + a
1
(~l + ~q
2
)2 + b
=
1
1−D
1
q2
[
2−D
2
I
(1)
0 (b)− aI(2)0 (a, b; q) +D
q2
4
+ b− a
q2
A1(a, b; q)
]
(A.4)
B2(a, b; q) =
1
1−D
1
q2
∫
dDl
(2π)D
l2 −D (~l·~q)2
l2
l2 + a
1
(~l + ~q
2
)2 + b
=
1
1−D
1
q2
[
2−D
2
I
(1)
0 (b)− aI(2)0 (a, b; q) +D
q2
4
+ b− a
q2
A1(a, b; q)
]
(A.5)
2
We use a slightly dierent notation.
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Three powers of loop momenta in the numerator are overed by the integrals
A3(a, b; q) =
1
(D − 1)q2
∫
dDl
(2π)D
1
l2 + a
1
(~l + ~q
2
)2 + b
[
(~q ·~l)l2 − 1
q2
(~q ·~l)3
]
=
1
(D − 1)q2
[
−q
2
2
I
(1)
0 (b)− aA1(a, b; q)−
1
q2
Aˆ3(a, b; q)
]
, (A.6)
B3(a, b; q) =
D + 2
D − 1
1
q6
∫
dDl
(2π)D l2 + a
1
(~l + ~q
2
)2 + b
[
(~q ·~l)3 − 3q
2
D + 2
(~q ·~l)l2
]
=
D + 2
D − 1
1
q6
[
Aˆ3(a, b; q)− 3q
2
D + 2
(
−q
2
2
I
(1)
0 (b)− aA1(a, b; q)
)]
, (A.7)
with the aid of
Aˆ3(a, b; q) =
∫
dDl
(2π)D
(~q ·~l)3
l2 + a
1
(~l + ~q
2
)2 + b
= −aq
2
D
I
(1)
0 (a)−
(
q4
4
− bq
2
D
)
I
(1)
0 (b)
+
(
q2
4
+ b− a
)[
−q
2
2
I
(1)
0 (b) +
(
q2
4
+ b− a
)
A1(a, b; q)
]
. (A.8)
A.2 Eletri Currents up to N
2
LO
The eletri ontributions to the hadroni urrent at LO are labelled as in Fig. 2. The
4-vetor ontribution is for the rst diagram with ~r := 2~p− ~q
J
0 (e1)
ij = −2ytDp(~p;ω, ~q) δij ; ~J (e1)ij = J0 (e1)ij
~r
2M
, (A.9)
where the proton propagator
iDp(~p;ω, ~q) =
i
−ω + ~p·~q
M
− q2
2M
; (A.10)
ould be approximated for real photons by dropping the q2-term in the denominator (ω = q),
but not in eletro-disintegration beause the kinematis imposes ω ∼ q2/M .
The seond diagram gives
J
0 (e2)
ij = 2ytDt(p) δij ;
~J
(e2)
ij = −J0 (e2)ij
~q
4M
, (A.11)
with the spin-triplet di-baryon propagator
iDt(p) =
Mρd
2
i
γ − ρd
2
(γ2 + p2) + ip
. (A.12)
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After integrating over the loop, diagram (3) results in
J
0 (e3)
ij = −2y3tDt(p)M2I(2)0 (−p2, γ2) δij , (A.13)
~J
(e3)
ij = y
3
tDt(p)M
[
I
(2)
0 (−p2, γ2) +
2
q2
A1(−p2, γ2; q)
]
~q δij . (A.14)
Here, as in the following, −p2 is understood to be −p2 − iǫ with ǫ ց 0, i. e.
√
−p2 = −ip,
where p is the proton momentum.
The N
2
LO ontributions ome from SD-mixing operators only. Following the numeration
of Fig. 3, one nds:
J
0(sd1)
ij = −
1
2
Csd√
Mρd
Dp(~p;ω, ~q)
(
rirj − 1
3
~r2δij
)
, ~J
(sd1)
ij = J
0(sd1)
ij
~r
2M
, (A.15)
J
0(sd2)
ij =
Csd√
Mρd
Dt(p)
(
pipj − 1
3
~p2δij
)
, ~J
(sd2)
ij = −J0(sd2)ij
~q
4M
, (A.16)
J
0(sd3)
ij = −2
Csdy
2
t√
Mρd
Dt(p)M
2I
(2)
0 (−p2, γ2; q)
(
pipj − 1
3
~p2δij
)
(A.17)
~J
(sd3)
ij =
Csdy
2
t√
Mρd
Dt(p)M
[
I
(2)
0 (−p2, γ2; q) +
2
q2
A1(−p2, γ2; q)
](
pipj − 1
3
~p2δij
)
~q (A.18)
J
0(sd4+sd5)
ij = −2
Csdy
2
t√
Mρd
Dt(p)M
2
[
B2(−p2, γ2; q) +B2(γ2,−p2; q)
] (
qiqj − 1
3
~q2δij
)
, (A.19)
(
~J
(sd4+sd5)
ij
)
k
= 2
Csd√
Mρd
Dt(p)y
2
tM
[
1
2
B2(−p2, γ2; q)
(
qiqj − 1
3
~q2δij
)
qk
+[A3(−p2, γ2; q)−A3(γ2,−p2; q)]
(
qiδjk + qjδik − 2
3
qkδij
)
+[B3(−p2, γ2; q)−B3(γ2,−p2; q)]
(
qiqjqk − 1
3
q2qkδij
)]
. (A.20)
The last three diagrams ontribute only to the three-vetor omponent of the urrent:
(
~J
(sd6)
ij
)
k
=
Csd√
Mρd
[
−piδjk +
(
− pj + 1
2
qj
)
δik +
2
3
(
pk − 1
4
qk
)
δij
]
(A.21)
(
~J
(sd7+sd8)
ij
)
k
=
Csd√
Mρd
Dt(p)y
2
t
M
4
[I
(1)
0 (γ
2)− I(1)0 (−p2)]
(
qjδik + qiδjk − 2
3
qkδij
)
(A.22)
With these results, it is simple to show that the LO and N
2
LO eletri urrents are separately
gauge-invariant, qµJ
µ
ij = 0. It is also noteworthy that the total urrent at eah order is
independent of the regularisation parameter µ.
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A.3 Magneti Currents up to NLO
The LO diagrams, numbered as in Fig. 4, ontribute
~J (m1) = −ytDp(~p;ω, ~q)κ1
M
~q , ~J (m2) = −ytDn(~p;ω, ~q)κ1
M
~q (A.23)
~J (m3) = −2ytDs(p)y2sκ1MI(2)0 (−p2, γ2; q) ~q . (A.24)
with neutron propagator Dn(~p;ω, ~q) = Dp(−~p;ω, ~q) and spin-singlet di-baryon propagator
iDs(p) =
Mr0
2
i
1
a0
− r0
2
p2 + ip
. (A.25)
The urrent provided by the NLO ontribution is
~J (m4) = −2ysDs(p) L1
M
√
r0ρd
~q . (A.26)
Notie that these urrents are all transversal only.
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